Abstract -We describe a new effect, phonon-induced coherence loss (PICOLO), whereby a monoenergetic nonequilibrium phonon distribution is responsible for the loss of optical coherence. The interaction of these phonons with the ions is monitored with the free induction decay or photon echo. We show how PICOLO can be used to study the electron-phonon interaction and the dynamics of phonons.
I. Introduction -We report the first observation of opticaldejhasing produced by a monoenergetic nonequilibrium distribution of phonons. (PICOLO). The system studied is LaF3 containing 0.05 at. % pr3+. Optical dephasing due to a thermal distribution of phonons has been studied extensively in this system using homogeneous linewidths /1,2/ and coherent fransient spectroscopy/3,4/.
In this paper, optical free induction decay (FID) is observed on the 3~4 (I) +~D~J I ) transition of the pr3+ ion at 5925A /5/ (see Fig. . The 23 cm-nonequilibrium phonons are resonant with the 1~2 (I) + D2 (11) transition and are absorbed by the excited pr3+ ions causing dephasing. We show how 
PICOLO can be used (1) t o i s o l a t e and s t u d y s p e c i f i c energy r e l a x a t i o n pathways and ( 2 ) a s a frequency s e l e c t i v e d e t e c t o r t o s t u d y t h e dynamics o f high frequency phonons.
11. Experiments -Monoenergetic phonons were g e n e r a t e d by s e l e c t i v e l y pumping t h e " H g 1 ) + ' D~ (11) t r a n s i t i o n a t 5917A w i t h a Nd:YAG pumped t u n a b l e dye l a s e r whose bandwidth was 2 GHz. Rapid r e l a x a t i o n ( T l ( I I ) = 2252s) t o 1~2 ( I ) g e n e r a t e s a monoen r g e t i c d i s t r i b u t i o n of phonons which a r e r e s o n a n t w i t h t h e lD2(I)+!D2 (11) t r a n s i t i o n ( s e e Fig. 1 ) . The FID was observed on t h e 3H4(1)+ D 2 ( I ) t r a n s i t i o n , e x c i t e d by an a c t i v e l y s t a b i l i z e d cw t u n a b l e dye l a s e r whose frequency was switched by an i n t r a c a v i t y e l e c t r o -o p t i c phase modulator/6/.
The 20 mW, lMHz bandwidth l a s e r o u t p u t was g a t e d on t o t h e sample f o r 20 u s w i t h an a c o u s t o -o p t i c modulator/3/. A f t e r a 10 p s p r e p a r a t i o n t i m e , t h e l a s e r frequency was s h i f t e d by 20 MHz.
A f t e r 5 u s t h e l a s e r was r e t u r n e d t o t h e o r i g i n a l frequency. The frequency s h i f t e d l a s e r a c t s a s a l o c a l o s c i l l a t o r f o r t h e heterodyne d e t e c t i o n o f t h e FID.
The heterodyne s i g n a l was d e t e c t e d w i t h an avalanche photodiode a f t e r f i l t e r i n g w i t h a monochromator t o r e j e c t t h e s c a t t e r e d l a s e r l i g h t a t t h e 5917A phonon g e n e r a t o r wavelength.
The e x p e r i m e n t a l geometry i s shown i n Fig. l b . The cw dye l a s e r was focused t o a 50 um s p o t i n t h e sample. The Nd:YAG pumped dye l a s e r propagated a t a r i g h t a n g l e t o t h e cw beam and was focused w i t h a c y l i n d r i c a l l e n s t o a l i n e 100 pm t h i c k and 10 mm long which overlapped t h e cw beam. Because o f t h e s t r ng a b s o r p t i o n of t h e p u l s e d dye l a s e r on t h e 1~2 (11) l e v e l ( a = l O c m -P~, t h e cw l a s e r beam i s brought c l o s e t o t h e s u r f a c e through which t h e p u l s e d l a s e r e n t e r s t h e sample.
The t i m i n g sequence and d e l a y between t h e frequency s w i t c h o f t h e cw dye l a s e r and t h e o u t p u t of t h e p u l s e d dye l a s e r was c o n t i nuously v a r i a b l e e l e c t r o n i c a l l y . This i s somewhat s h o r t e r t h a n t h e t r u e low t e m p e r a t u r e dephasing time of 5 u s o b t a i n e d from photon echo experiments/7/ due t o l a s e r frequency j i t t e r d u r i n g t h e p r e p a r a t i o n time. When phonons a r e g e n e r a t e d duri n g t h e FID decay, an enhancement of t h e dephasing r a t e o c c u r s ( F i g . 2 ) . With an energy i n p u t of 300 UJ ( n o t shown),the coherence decays i n l e s s t h a n one c y c l e of t h e 20 MHz FID s i g n a l . There i s a s m a l l remaining FID s i g n a l which a r i s e s from t h e 0.5 mm end s e c t i o n s of t h e sample which a r e masked s o a s t o p r e v e n t s u r f a c e h e a t i n g o f t h e e n d f a c e s by t h e p u l s e d l a s e r .
The h e a t i n g pro-, duces bubbles i n t h e s u p e r f l u i d helium i n t r o d u c i n g s t r o n g o s c i l l a t o r y s i g n a l s which i n t e rf e r e w i t h t h e measurement of t h e FID. A s t h e phonon g e n e r a t i n g laser energy is reduced, the FID signal decays over many cycles but at a rate which is still faster than that observed under the 1.5K equilibrium conditions.
Phonons were also generated at times At prior to the FID signal. For strong pulsed excitation and times At< lps only the FID signal from the masked ends is observed. However, even for much weaker pulsed laser excitation conditions and for At>>Tph, the phonon lifetime, significant dephasing effects are evident.
IV. Analysis of PICOLO -The dephasing of the FID signal results from the absorption of the resonant 23 cm-I phonons. Therefore the nonequilibrium phonon contribution to the dephasing rate, T -I, can be related directly to the population relaxation time of ID; (11) and the occupation number of resonant 23 cm-I phonons, n23(t), with the expression We first consider the measurement of phonon lifetimes obtained by generating the phonons during the FLD signal. For the case of large resonant phonon occupation number (n23P) the dephasing occurs in a short time compared to Tph and n23(t)-can be considered constant during the dephasing. However, for smaller n23(0), the resonant phonons decay during the dephasing and, as a result, the FID decay is nonexponential.
We define a fractional FID amplitude, f(t), which is the amplitude at times t divided by the amplitude before phonon generation and a no-phonon coherence time, T2=3ps. We find that f(t) decays according to The experimentally observed f(t) is plotted in Fig. 3 along with the values calculated from Eq.(2) for several values of Tph. The value of n23 at t = 0 is obtained from the initial slope of the decay. We see that the non-exponential behavior of f(t) is well described with a phonon lifetime T h-500 ns, in agreement with The hot luminescence data/8/.
We next consider the persistence of the phonon-induced optical dephasing, shown in Fig.  4 , even when the delay between phonon generation and the FID signal, At, is much greater than the phonon lifetime . When At>>Tph, we expect the 23 cm-I phonon occupation number to vary slowly during the observed FID decay so that ~2~ will be pro~ortional to a nearly constant n23. :Je obtained n23 (t) independently from the hot luminescence from ~D~ ( I I ) which is proportional to n23 (t) . We found that n23(t) contained a long tail out to At> 100 ps. This probablv
V. Photon Echoes i n YAlO :pr3+ -W e a l s o s t u d i e d PICOLO w i t h h o t m c n o e s proaucea by3a g a t e d cw dye l a s e r tuned t o t h e 6107A 'H4 ( I ) 11D2 (I) t r a n s i t i o n of pr3+ i n YA103/7/. The f i r s t e x c i t e d c r y s t a l f i e l d l e v e l s which can p r o uce coherence l o s s by phonon a b s o r p t i o n o c c u r a t 51 and 274 cm-P i n t h e ground and e x c i t e d l e v e l s , r e s p e c t i v e l y / 9 / . S i n c e o u r sample was brown i n c o l o r due t o c o l o r c e n t e r s which d i d n o t f l u o r e s c e , we assume t h a t absorbed photon energy from a p u l s e d dye l a s e r tuned t o %6500A, o f f resonance w i t h any pr3+ t r a n s i t i o n s , was e f f i c i e n t l y c o n v e r t e d t o h e a t v i a n o n -r a d i a t i v e r e l a x a t i o n .
The p u l s e d l a s e r beam was propagated c o l i n e a r l y w i t h t h e cw l a s e r and p r e p a r e d a he t p u l s e which c o n t a i n e d some phonons i n 3 resonance w i t h t h e 3~4 ( I ) + H4 (11) t r a n s i t i o n . The e f f e c t of t h e s e o p t i c a l l y produced h e a t p u l s e s i s shown i n Fig. 5 . The upper t r a c e shows t h e a/2 and a p r e p a r a t i o n p u l s e s produced w i t h an a c o u s t o -o p t i c modulator and an echo viewed through an o p t i c a l s h u t t e r c o n s i s t i n g of a Pockels c e l l between a p a i r o f c r o s s e d p o l a r i z e r s .
The s h u t t e r was opened -1~s a f t e r t h e end of t h e p r e p a r at i o n p u l s e s .
The echo, on an expanded s c a l e , i s shown w i t h and witho u t t h e h e a t p u l s e .
With 100 pJ of p u l s e d l a s e r energy focused t o a l m m d i a m e t e r s p o t , t h e echo t e r m i n a t e s w i t h i n 50ns. I n t h i s c a s e , we made no a t t e m p t t o a n a l y z e t h e PICOLO r e s u l t s s i n c e T1 f o r t h e l e v e l s involved i n t h e coherence l o s s and t h e r e s o n a n t phonon o c c u p a t i o n number were b o t h unknown. IIowever, t h e coherence l o s s a p p e a r s t o be h i g h l y non-exponential, s u g g e s t i n g t h a t t h e high frequency phonons i n resonance w i t h t h e c r y s t a l f i e l d t r a n s i t i o n w i t h i n t h e ground and e x c i t e d s t a t e s t h e r m a l i z e r a p i d l y . r e s u l t s from t r a p p i n g of t h e anharmonic decay p r o d u c t s of t h e 23 cm-I phonons which remain i n t h e e x c i t e d volume due t o e l a s t i c i m p u r i t y s c a t t e r i n g and whi h can recombine t o form 23 cm-' phonons a t time At>>Tph. A t long t i m e s (At>5us) t h e observed T Z~ v a l u e s ( c i r c l e s i n F i g . 4 ) a r e c o n s i s t e n t w i t h t h o s e p r e d i c t e d ( s q u a r e s ) from Eq.-(1) u s i n g t h e measured va ue -1 o f n2 ( A t ) . For A t < l p s , T2 i s on?Y 1/6 of t h e v a l u e pre- 
i c t e d on t h e b a s i s of 1123 ( A t ) .
A p l a u s i b l e e x p l a n a t i o n i s t h a t o u r l a s e r (bandwidth=2GHz) e x c i t e s a s e l e c t group of i o n s i n t h e I D 2 (11) inhomog~neously Fig. 4 .
23 cm-I phonon c o n t r i b ubroadened l i n e ( o p t i c a l l i n ei o n t o t h e dephasing r a t e o f t h e w i d t h = 6GHz) w i t h t h e r e s u l t % H 4 ( I ) + l D 2 (I) t r a n s i t i o n f o r 24 p J t h a t t h e phonons g e n e r a t e d by p u l s e d l a s e r energy.
C i r c l e s a r e t h e '~2 ( I ) r e l a x a t i o n have a d a t a o b t a i n e d from t h e FID d a t a , narrower frequency d i s t r i b u t i o n s q u a r e s a r e dephasing r a t e s pret h a n t h e f u l l e x c i t e d s t a t e d i c t e d from Eq. (1) and ii23 ( t ) resonance. A s a r e s u l t , t h e y o b t a i n e d from t e time dependence P may be s l i g h t l y o u t of resonance of t h e I D 2 (11) / D2 ( I ) luminesw i t h t h e l D 2 ( I ) +~D~ (11) t r a n s icence i n t e n s i t y r a t i o .
t i o n of t h e i o n s undergoing FID which were p r e p a r e d w i t h a d i f f e r e n t l a s e r . The e l e c t r o nphonon c o u p l i n g i s reduced because of t h e resonance mismatch. For A t > 5us, a v a i l a b l e 23 cm-I phonons have been produced by recombination and c o n t a i n a broad frequency d i s t r i b u t i o n l i k e t h a t p r e s e n t i n a t h e r m a l l y e x c i t e d phonon p o p u l a t i o n . Lower t r a c e s -echo on expanded s c a l e w i t h and w i t h o u t a c o l i n e a r l y propa g a t i n g p u l s e d dye l a s e r , t u n e d t o a6500A.
The l o w e s t t r a c e shows t h e t i m i n g o f t h e p u l s e d dye l a s e r whose energy on a lmm d i a m e t e r s p o t i s i n d i c a t e d n e x t t o e a c h echo.
V I .
Conclusions -With PICOLO it i s p o s s i b l e t o o b s e r v e t h e p r e s e n c e
of nonequilibriurn phonons of a p a r t i c u l a r f r e q u e n c y w i t h g r e a t s e n s it i v i t y .
I n t h e p r e s e n t c a s e , o c c u p a t i o n numbers o f w e r e d e t e c t e d , b u t i n some s y s t e m s , d e t e c t i o n l e v e l s a s low a s a r e t o be e x p e c t e d . P a r a m e t e r s which l e a d t o t h e s e s e n s i t i v i t i e s a r e s h o r t p o p u l a t i o n r e l a x a t i o n t i m e s o f upper e l e c t r o n i c s t a t e s , e . g . , T l ( I I ) , and l o n g c o h e r e n c e t i m e s , T2. I n a d d i t i o n , PICOLO h a s good s p e c t r a l , s p a t i a l and t e m p o r a l r e s o l u t i o n .
S p e c t r a l r e s o l u t i o n is l i m i t e d t o e x c i t e d s t a t e inhomogeneous r e s o n a n c e w i d t h s , t y p i c a l l y 1 -1 O G H z .
Temp o r a l r e s o l u t i o n u s i n g FID t e c h n i q u e s i s determined by t h e h e t e r o d y n e f r e q u e n c y .
Although t h i s was o n l y 20MHz i n o u r e x p e r i m e n t s , much l a r g e r f r e q u e n c i e s a r e p o s s i b l e , l i m i t e d u l t i m a t e l y by d e t e c t o r f r e q u e n c y r e s p o n s e and t h e e x t e n t o f t h e l a s e r f r e q u e n c y s h i f t . W e thank t h e U. S. Army Research O f f i c e f o r i t s p a r t i a l s u p p o r t o f t h i s p r o j e c t .
